ABSTRACT The competition between sodium and various other monovalent cations that bind to helical DNA in aqueous solution has been studied by 23Na NMR. Variations in the sodium linewidth with the concentration of the other ion have been analyzed with an equation that describes the competitive binding in terms of two parameters: r, the total extent of counterion binding, and D, a measure of the binding affinity of a cation relative to sodium. The concentration dependence of these parameters was found to be minimal. In-the absence of a competing cation the constancy of r has been demonstrated over a range of DNA phosphate concentrations (0.0025-0.015 M) and NaCl concentrations (0.003-1.3 M). For the cations investigated the range in D values is small (0.5-0.9), and the relative binding affinities follow the order: NH4+ > Cs+ > K+ > Li+ > Nat. The utility of 23Na NMR as a means of studying the interactions of counterions with polyions in solution has been demonstrated in a wide variety of systems, including soluble RNA (1), polyacrylate (2-4), polyphosphate (5), polystyrenesulfonate (6), mucopolysaccharides (7), polymethacrylate (4), and phosphatidylserine vesicles (8). Previous studies (9, 10) of doublestranded DNA by using 23Na relaxation rate measurements have been principally concerned with quantifying the extent to which monovalent counterions are bound in order to test the applicability of different theories of polyelectrolyte binding. The purpose of the research communicated here is to establish the relative binding affinities for helical DNA of a series of monovalent cations whose binding interactions are anticipated to be predominantly electrostatic. The effectiveness with which these cations compete with sodium is determined by analyzing measurements of the 23Na linewidth as a function of solution composition. This analysis incorporates the assumption that r, the extent of counterion association with DNA, does not depend on the identities or concentrations of the competing monovalent cations. The results conform to this assumption, which is one of the basic features of Manning's model for counterion-polyion interactions (11, 12).
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AvI/2, is a direct measure of R, the transverse relaxation rate averaged over all distinct magnetic environments.
The interpretation of the competitive binding experiments reported here does not require a detailed consideration of the influence of a polyion on the relaxation rates of sodium nuclei in solution. The short-range character of this interaction (2) assures that it affects only those nuclei whose distance from the polyion surface lies within a few hydrated ionic radii. Thus, the radial extent of this effect corresponds to a physically reasonable operational definition of the boundary within which counterions may be considered associated with the polyion. Nuclei within this boundary probably sample a variety of local field gradients arising from the polyion charged groups. If the distribution of bound nuclei among these various "sites" is insensitive to changes in the total salt concentration, a constant mean relaxation rate, RB, may be ascribed to all counterions whose relaxation rates are affected by association with the polyion. Previous NMR studies indicate that the value of RB characteristic of a number of polyions (2, 5) , including helical DNA (10) , has no discernible salt dependence over a wide range of ionic strengths. Theoretical explanations for this observation may be based on either the condensation model (3) or the counterion distribution predicted by the Poisson-Boltzmann equation.
Sodium nuclei that are not close enough to the polyion to be affected by its field may be classified as "free" and assigned the mean relaxation rate RF. At ionic strengths lower than 1 M, this quantity has a negligible salt dependence (10) . Under the conditions of "rapid exchange" specified above, the observed relaxation rate R (which equals 7rAvI/2) can be written: R = PBRB + PFRF, [1] in which PB and PF are the fractions of bound and free sodium, as defined by the preceding discussion (PB + PF = 1). In view of the constancy of RB and RF with respect to variations in ionic strength, the variation of the sodium linewidth during the course of a titration can be ascribed solely to changes in PB.
Because interest centers on the extent to which counterions are bound to the polyion, the quantity r is defined as the number of bound counterions per structural charge. For titrations of NaDNA with NaCl, in which no other counterion is present, Eq. 1 may be rewritten: R = RF + r(RB -RF)P/Na, [21 in which P is the number of DNA phosphate charges and Na is the total amount of sodium present. From this equation it is clear that a plot of the sodium linewidth vs P/Na tests whether the extent of counterion binding is constant as ionic strength is varied. This result is anticipated on the basis of a previous 23Na NMR study of counterion binding to double-stranded DNA (10) . A theoretical basis for the constancy of r is provided by Manning's theory of counterion condensation (11, 12) rP MB + NaB, [3] in which the subscript B, as above, denotes a species that is determined by the NMR measurement to be bound to the polyion. In order to analyze the competition between sodium and the other counterion, it is convenient to define the parameter: D NaBMF/NaFMB.
[4] This quantity is effectively an equilibrium quotient (expressed in terms of mole ratios) for the reaction in which a free sodium ion enters into association with a polyion and a counterion of the other type is released. Eqs. 1, 3, and 4 
MATERIALS AND METHODS
The procedure for preparing the DNA samples, described in detail elsewhere (10) , involved sonicating and dialyzing concentrated DNA solutions (0.017 M DNA phosphate). Two unbuffered stock solutions were used in this study: calf thymus NaDNA and phenol extracted phage T7 NaDNA. The DNA concentrations were determined after dialysis by diluting aliquots of the solutions and measuring the absorbance at 260 nm with a Gilford spectrophotometer. Neutron activation analysis, performed by the Nuclear Reactor Laboratory at the University of Wisconsin, was used to measure the sodium ion concentrations in the DNA solutions. Accurately weighed samples containing 0.4 ml of undiluted DNA were irradiated for 15-0 min and the resulting ty radiation was later counted at various wavelengths for 15-30 min. The initial phosphate-to-sodium ratios were approximately 0.63.
The titrations were carried out in 12-mm NMR tubes by adding small amounts of concentrated chloride salt solutions with lambda pipets. The volume of the solutions in the tubes was 3.4 ml, 0.4 ml of which was 2H20. The diluted samples were obtained by adding deionized water to the stock T7 DNA solution. The same stock calf thymus NaDNA solution was used in all of the competition titrations to allow a direct comparison of the results. The pH, measured after the titrations were completed, varied from 5.9 to 6.4. Each titration consisted of 16-23 data points.
The experiments were performed on a Varian XL-100/15 spectrometer with a Varian 620/L computer-based Fourier transform data system and a Sykes cassette. The 23Na spectra were obtained by using the Varian Gyro Observe system. The 2H20 resonance was used for the lock signal. The temperature was controlled at approximately 25°C by passing a constant flow of nitrogen through the probe, limiting long-term drifts to ±10C. The linewidths were later discovered to have a significant temperature dependence and better temperature control has since been attained. The full linewidths were measured at half the peak heights of the absorption signals with a precision of better than 2%. From the amplitude and linewidth at half height of the 23Na spectrum obtained for a typical sample, a Lorentzian lineshape was generated by computer and found to coincide closely with the original.
RESULTS
The results of several titrations of NaDNA with NaCl are shown in Fig. 1 , in which the linewidths of the 23Na spectra are plotted versus the P/Na ratio. The linearity of the plots indicates that the extent of sodium ion association with DNA remains constant over an appreciable range of ionic strength (see Eq. 4). The small deviation in linearity seen in the calf thymus DNA titration (Fig. 1A) in the low-salt region (0.024-0.037 M Na+) could be caused by the presence of protein, which can compete with sodium ions for binding to the DNA. When calf thymus DNA was treated with phenol to remove protein and subsequently titrated with NaCl, the deviation at the low salt end of the titration decreased.
Three T7 DNA titrations, each at a different DNA concentration, are presented in Fig. 1B A series of competition experiments was performed in which calf thymus NaDNA was titrated with various chloride salts. Fig. 2 shows the results of titrations with Bu4NCl (tetrabutylammonium chloride), NaCl, NH4Cl, and MgC12. The very gradual decrease in the 23Na linewidth as Bu4N+ is added illustrates the strong preference for Na+ binding to DNA over that of Bu4N+. Similarly, the weakness of the Na+ binding compared to that of Mg2+ results in a sharp decrease in the 23Na linewidth for the Mg2+ titration. Titration curves for Li+, K+, and Cs+ fall between those for Na+ and NH4+. Even though the differences in binding affinities among these ions are small, the sensitivity of the linewidth measurements to the fraction of Na+ bound allows these differences to be detected.
In Fig. 3 the competition data are plotted as the recipirocal of the salt added and the preference for binding to DNA is seen to be NH4+ > Cs+ > K+ > Li+ > Na+. The Fig. 3 . The theoretical curves generated from Eq. 5 by using the parameter values determined in this way agree well with the experimental data (Fig. 3) titrations are within 4% of 0.76. In addition to r = 0.76, r and RB pairs corresponding to r = 0.9, 0.6, and 0.45 were also tried, with little difference in the D values obtained (see Table 1 ) or in the quality of the fit. At the low salt end of the competition titrations (PIM > 1) the data points fall slightly below the theoretical curves, as they did in the NaCl titration.
Deviations from the curves based on the model are noticeable at the high-salt end of the Cs+ and NH4+ titrations. The intercepts for both these titrations are larger than expected in view of the NaCl titration, and the last points of the Cs+ titration merge with those for K+ and Li+. The larger intercepts might be interpreted as an actual increase in the 23Na free linewidths with increasing salt concentration; however, when 0.02 M NaCI in the absence of DNA was titrated with CsCl up to 0.6 M, no significant change in the linewidth could be detected. Furthermore, T1 measurements show that the 23Na relaxation rate for an NaCl solution is less than for a solution of the same ionic strength that also contains CsCl (14) . Therefore, a more probable explanation for the observed increase in intercepts is a slight variability in one or more of the parameters r, RB, and D, which are assumed constant in the fitting procedure. (1980) In the fitting procedure, some arbitrary decisions were made, such as which r, RB pair to use, whether to fix the intercepts of all the titration curves at the same value, and how many points of the titrations to include in the analysis. The error limits given in the legend of Fig. 3 allow for variations due to judgments of this kind. Also considered is the error in the determination of the initial sodium ion concentration by neutron activation and the effect of possible temperature drifts. DISCUSSION Interactions of alkali metal ions with highly charged rodlike macromolecules in solution can be described theoretically in terms of a model for counterion "condensation" developed recently by Manning (11) . Considering only long-range electrostatic interactions among point charges, the model accounts for the value and salt invariance of the charge fractions of a number of polyions that have been studied by various experimental methods (12, 15) . Manning's model is sufficiently general that it would be possible to include the effects of specific, short-range interactions between the polyion and bound small ions (16) . However, it is apparently unnecessary to consider such interactions in computing the total extent of counterion binding to rodlike polyions of sufficiently high structural charge density. For example, the extent of Mn(II) binding to polyphosphate, as determined by magnetic resonance (17) , is in good agreement with the value predicted by the condensation model assuming only electrostatic interactions. However, there is evidence that a substantial fraction of the bound Mn(II) ions are partially dehydrated and immobilized on the polyphosphate backbone (17, 18) . In polyion solutions containing more than one type of monovalent counterion, the total extent of ion binding appears to be insensitive to the chemical identities and relative amounts of the different counterions, provided that the ionic strength is sufficiently low (12, 19) .
On the basis of these considerations [and others discussed by Anderson et al. (10) ], it is expected that the charge fraction of helical DNA under the conditions investigated in the present study is a constant whose value is unaffected by the chemical identities of the competing ions. This expectation is fulfilled by the utility of Eq. 5 in fitting the data presented in Fig. 3 . Both r and D are insensitive to variations in ionic strength (with the minor exceptions, at high ionic strength, of Cs+ and NH4+). Although a single value of r can be used in fitting all the data, the value of D clearly depends on the type of ion competing with sodium. The relative binding affinities of these monovalent ions apparently reflect specific differences in their binding characteristics which, however, do not detectably affect the total extent of counterion binding to DNA.
A number of previous studies have employed various techniques to measure the competitive binding of monovalent counterions for rodlike polyions. The results of these studies, some of which are discussed below, indicate relatively small, but generally definite, differences in the relative binding affinities of alkali metal ions. The relative binding affinities for helical DNA of the monovalent ions investigated in the present study can be inferred by inspection of the data plotted in Fig.  3 . Although the numerical values obtained for D depend somewhat on the approach taken to fitting the data, none of the approaches indicated above led to a different ordering of the binding affinities. It can be inferred from the order reported here that, in general, increasing binding affinity is correlated with decreasing hydrated radius of the ion (20 (10) involved the titration of a tetrabutylammonium salt of DNA with sodium, whose binding affinity is substantially greater. Another logical choice for the competing ion is magnesium, whose affinity for DNA is much greater than that of sodium. A determination of the charge fraction of DNA based on analyses of 23Na NMR linewidths from titrations of NaDNA with MgCl2 will be reported elsewhere.
